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Abstract 


Prospective positive-electrode (cathode) materials for a lithium secondary battery, viz., Li[Lio.2Nio.2~12Mno 6—12Cr,JO2 (x=0, 0.02, 0.04, 0.06, 
0.08), were synthesized using a solid-state pyrolysis method. The structural and electrochemical properties were examined by means of X-ray 
diffraction, cyclic voltammetry, SEM and charge—discharge tests. The results demonstrated that the powders maintain the a-NaFeO,-type layered 
structure regardless of the chromium content in the range x < 0.08. The Cr doping of x=0.04 showed improved capacity and rate capability 
comparing to undoped Li[Lio2Nio2Mno.6]02. ac impedance measurement showed that Cr-doped electrode has the lower impedance value during 
cycling. It is considered that the higher capacity and superior rate capability of Cr-doping samples would be ascribed to the reduced resistance of 


the electrode during cycling. 
© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


During the past decade, lithium manganese oxides have 
been extensively studied as an alternative to LiCoO2, which 
is the state-of-the-art positive electrode material in commer- 
cial lithium ion battery systems, due to the relative lower 
cost and toxicity of Mn compared to Co [1-9]. The draw- 
back of layered Li-Mn oxides is the capacity decay due to the 
phase transformation of the layered structure to a spinel struc- 
ture by Jahn-Teller distortion during charge—discharge cycles 
[10,11]. To solve this problem, a number of research groups 
have tried to stabilize the layered structure by introducing a 
LiMO2 (M=Ni, Co, Cr) phase into the layered LigMnO3 to 
form a solid solution of mixed transition-metal oxides [12-16]. 
Among the solid solutions being developed, the layered com- 
pounds of Li[Ligj—2n/3NixMni2—1»/3]02 seem to be a very 
promising candidate as a cathodic material for the new genera- 
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tion of Li-ion batteries due to their thermal stability and good 
electrochemical performances. Lu and Dahn [8,17] found that 
Li[Li¢y—23Nix;Mn2_ x3 ]O2 (x= 1/6, 1/4, 1/3, 5/12) samples 
displayed a plateau at about 4.5 V versus lithium metal during 
the first charge, which was believed to correspond to oxygen loss 
concomitant with Li extraction. Subsequent to this plateau, the 
materials can reversibly cycle over 225mAhg™! between 2.0 
and 4.6 V [8]. This means that this compound can be used as a 
cathode material for high capacity lithium secondary batteries. 
However, this material has to overcome low rate capability and 
improve thermal stability for a commercial use. 

One approach to improve the electrochemical performance is 
to substitute a small amount of dopant ion at the transition metal 
sites. Kim et al. have reported increased electrical conductivity 
by doping Co in Li[Lii—2x3NixMn2—/3]O2 [18]. However, 
to the best of our knowledge, no studies on the electrochemical 
performance of electrode-active materials doped by chromium 
have been published. 

In this study, we employed Cr as an additional dopant to syn- 
thesize a series of Cr-doped Li[Lio.2Nio.2—x/2Mn0.6—x/2Crx]O2 
(x=0, 0.02, 0.04, 0.06, 0.08) powders. The structural, mor- 


L.F. Jiao et al. / Journal of Power Sources 167 (2007) 178-184 179 


phological and electrochemical performances of Li[Lio2 
Nio.2—x/2Mn0.6—x/2Crx]O2 powders were studied in this paper. 


2. Experimental 


2.1. Synthesis of Li[ Lio 2Nio.2—x/⁄2Mno.6—x/2Crx]O2 (x = 0, 
0.02, 0.04, 0.06, 0.08) powders 


To prepare the Li[Lig.2Nio.2—.v2Mng.6—+/2Cry]O2 (x = 0, 0.02, 
0.04, 0.06, 0.08) powders, we used stoichiometric LiCH3 
COO-2H20, Ni(CH3COO)2-4H20, Mn (CH3COO)2-4H20, 
Cr(NO3)3-9H20 as the starting materials. These reagents were 
mixed and thoroughly ground. The mixtures were heated at 
120°C for 48 h to obtain the precursors. Precursors were thor- 
oughly ground again and calcined at 800°C for 20h in air, 
respectively. 


2.2. Measurements 


X-ray diffraction measurements of the as-prepared Li[Lio 2 
Nio.2—x/2Mn0.6—x/2Crx]O2 materials were carried out using X- 
ray diffraction (D/Max-2500) with Cu Ka radiation at room 
temperature. Particle morphology of the powders after calcina- 
tion was observed using a scanning electron microscope (SEM, 
JSM 6400, JEOL, Japan). The composite positive electrodes 
were prepared by pressing a mixture of the active materials, 
conductive material (acetylene black) and binder (PTFE) in a 
weight ratio of 85/10/5. The Li metal was used as the counter and 
reference electrodes. The electrolyte was 1M LiPF¢ in a 6/3/1 
(volume ratio) mixture of dimethyl carbonate (DMC), ethylene 
carbonate (EC), and di-ethylene carbonate (DEC). The cells 
were assembled in an argon-filled dried box. Charge—discharge 
tests were performed between 2.5 and 4.8 V. Cyclic voltammetry 
experiments were performed by using a CHI660 Electrochem- 
ical Workstation at a scan rate of 1mVs~!. ac impedance 
measurements were carried out using CHI-604A, the frequency 
range was 0.001 Hz to 100 kHz. All tests were performed at room 
temperature. 


3. Results and discussion 


The XRD patterns of the Li[Lio.2Nio.2—x/2Mn0.6—x/2Crx]O2 
(x=0, 0.02, 0.04, 0.06, 0.08) materials are shown in Fig. 1. All 
of the diffraction peaks could be indexed based on a hexagonal 
a-NaFeO? structure with a space group of R-3m, in which lay- 
ers of lithium atoms alternate with layers containing mixtures 
of lithium, nickel, chromium and manganese atoms indicating 
phase pure and a single-phase layered crystal structure. The 
peaks between 20° and 25° are caused by superlattice order- 
ing of the Li, Ni, Cr, and Mn in the 3a site, indicating a layered 
structure with LizMnO3 character [18-20]. All peaks are sharp 
and well defined, suggesting that compounds are generally well 
crystallized. It implies that the chromium substitution for man- 
ganese, nickel in Li[Lig.2Nio.2-.v2Mno.6—x/2Cr,]O2 compounds 
has not changed the bulk structure of the pristine material. 

Table 1 shows the variation in lattice constants, a and 
C, and c/a ratio of Li[Lio.2Nio.2—x/2Mn0.6—x/2Crx]0O2 (x= 0, 
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Fig. 1. X-ray diffraction patterns of the Li[Lio.2Nio.2—x/2Mn0.6—-x/2Crx]O2 pow- 
ders: (a) x=0, (b) x= 0.02, (c) x=0.04, (d) x =0.06 and (e) x =0.08. 


0.02, 0.04, 0.06, 0.08) calculated by the Rietveld refine- 
ment from the XRD data. As the Cr content, x, increases 
in Li[Lig.2Nio.2—.2Mno6—3/2Cr,]O2, lattice constants a and c 
decrease. It is likely that the decrease in lattice constants is 
attributed to the substitution of smaller Cr" (763+ =0.615 A) 
ion for Ni? + (ry;2+ = 0.69 A) and Mn**(ry,,4+ =0.60 A) ions. 
The substitution of manganese and nickel by chromium should 
result in shrinkage of the unit-cell volume, and the decrease in 
cell volume should increase the stability of the structure during 
intercalation and de-intercalation of lithium [21-24]. 

On the other hand, Table 1 also shows that the c/a ratio 
increases as x value increases. The ratio of c/a is usually used as 
the measurement of hexagonality for layered materials. When 
the ratio is greater than 4.9, it is assumed that the material pos- 
sesses layered characteristics. Higher amount of Cr substitution 
for Ni and Mn showed more layer-like structure, which means 
that good electrochemical performance can be expected. 

The particle morphology, particle size and particle size dis- 
tribution of cathode materials are of great importance to the 
performance of battery. Cathode materials with small parti- 
cles tend to have high initial capacity and low cycle stability 
[25,26]. The uniform particle size distribution leads to the uni- 
form depth of charge (DOC) of each particle, which increases 
the utilization of the material to enhance the overall battery per- 
formance. On the other hand, the smaller particle size means 
a larger active area to the decomposition of the electrolyte 
under abnormal abuse conditions such as overcharge or at ele- 
vated temperature [27]. So the particle size must be optimized 
between the performance and safety problems of the batteries. 
The SEM images of Li[Lio.2Nio.2—x2Mn0.6—x/2Crx]O2 (x=0, 


Table 1 

Lattice parameters of the materials in different Cr-doped contents 

Samples a (Å) c (Å) cla 
x=0 2.8688(6) 14.2595(2) 4.971 
x=0.02 2.8642(3) 14.2575(1) 4.978 
x=0.04 2.8586(6) 14.2511(3) 4.985 
x=0.06 2.8514(2) 14.2452(3) 4.996 
x=0.08 2.8483(3) 14.2365(5) 4.998 
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Fig. 2. SEM images of Li[Lio.2Nio.2—x/2Mn0.6—x/2Crx]O2 samples: (a) x=0, (b) x=0.02, x =0.04, (d) x=0.06 and (e) x=0.08. 


0.02, 0.04, 0.06, 0.08) are shown in Fig. 2. The analyses reveal 
that all powders consist of well-crystallized particles and have 
the similar morphology. It suggests that Cr is well permeated 
into the bare Li[Liop.2Nio.2Mno.6]O2 forming a solid solution. 
The average particle size of Li[Lio.2Nio.2—x/2Mn0.6—x/2Crx]O2 
with x=0 is more than 10 um. With Cr-doping, the particles 
shrink slightly due to the smaller ionic radius of Cr**. On the 
other hand, It is evident that the presence spherical grains of 
an independent nature are obtained up to a dopant level of 
x=0.04. The particles of the material with less chromium con- 
tent exhibit a regular shape with well-developed crystal faces. 
Slightly agglomerated particles are formed at higher dopant con- 
centrations (x=0.06, 0.08), which means the electrochemical 
capability might descend distinctly [28]. 


From above discussion, it is believed that the lower Cr doping 
makes the particle size smaller and more uniform, and pro- 
duces more independent particles. The features of Cr-doped 
Li[Lio.2Nio.2—x/2Mn0.6—x/2Crx]O2 with x = 0.02 and 0.04 powder 
are very desirable to be employed as electrode-active material 
for lithium rechargeable battery. 

Fig. 3 shows the charge-discharge curves for the 
Li[Lio.2Nio.2—x/2Mn9.6—x/2Crx]02 (x= 0, 0.02, 0.04, 0.06, 0.08) 
cells between 2.5 and 4.8 V at a current density of 20 mA g7! 
at room temperature. During the first charge of the cells, 
The Li[Lio.2Nio2Mnọo.6]O2 electrodes showed a capacity of 
~110mAhg™! up to about 4.5V where the slope ends. In 
this region, the oxidation of Ni ions contributes to the capac- 
ity [29]. Above 4. 5 V, all samples showed long plateau, and 
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Fig. 3. The charge—discharge curves of Li[Lio.2Nio.2—x/2Mn0.6—x/2Crx]O2 cells 
at arate of 20mA g7! between 2.5 and 4.8 V: (a) x=0, (b) x=0.02, (c) x=0.04, 
(d) x=0.06 and (e) x= 0.08. 


it is irreversible at following cycles. Recent study suggested 
that the irreversible capacity of the plateau at about 4.5 V 
is related to the oxygen loss during the first charging [29]. 
The Li[Lio.2Nio.2—x/2Mno.6—x/2Crx]O2 electrodes with x=0, 
0.02, and 0.04 delivered discharge capacities of 225, 232, and 
246 mAh g7! initially, and showed excellent capacity retention 
after 50 cycles. However, the higher level of Cr doping (x = 0.06, 
0.08) led to the capacity fading comparing to the undoped or Cr 
doped with lower levels (x= 0.02, 0.04). 

A part of charge—discharge data for Li[Lio.2Nio.2—x/2 
Mno,.6—x/2Cr,]O2 materials are provided in Table 2. It can be 
seen that the initial specific charge capacity decreased and initial 
specific discharge capacity increased after doping chromium. 
So the coulombic efficiency of the Cr-doped electrodes was evi- 
dently greater than that of pristine material. The highest initial 
discharge capacity of 261 mAh g7! was obtained by the sam- 
ple with x=0.08. As the chromium doping content decreased 
from x=0.06 to 0.02, the initial discharge capacity decreased 
from 256 to 232mAhg™! accordingly. Although the materi- 
als with x=0.08 and 0.06 cells delivered the higher initial 
capacity, they showed a rapidly decline within a few num- 
ber of cycles. For example, the discharge capacity after 50 
cycles was 207 mAh g~! with almost 21% loss of capacity for 
the sample with x = 0.08 (showed in Table 2). While the samples 
with x =0.02 and 0.04 exhibited slightly lower initial discharge 
capacity, they had excellent cyclic performance with 7% and 
4% loss of capacity after 50 cycles, respectively. Indeed, the 
Li[Lio.2Nio.2—x/2Mn0.6—x/2Crx]O2 cell with x= 0.04 gave a dis- 
charge capacity of around 235 mAh g~! after 50 cycles, slightly 
higher than the first discharge capacity of pristine material. 

The increase of specific capacity can be attributed to the 
reason that doping chromium could increase the amount of elec- 
trochemical active component in doped materials. Therefore, the 
new approach of substituting trivalent chromium ions formed a 
rigid structure, a regular shape with well-developed crystal faces 
and result in excellent electrochemical performance. 

In order to investigate the effect of Cr doping on the rate 
capability, Li[Lio.2Nio.2—x/2Mn0.6—x/2Crx]O2 (x=0, 0.02, 0.04, 
0.06, 0.08) cells were cycled between 2.5 and 4.8 V at var- 
ious current densities in Fig. 4. The cycle life curves for 
Li[Lig.2 Nip.2—+/2Mno,6—/2Cr,]O2 cathode materials recorded at 
0.1C (20mA g7!) current rate for one to five cycles, 0.2C 
(40 mA g7!) current rate for 6-10 cycles, 0.4C (80 mA g7!) 
current rate for 11-15 cycles, 0.8C (160mAg™!) current 
rate for 16-20 cycles, 1.5C (300mA g7!) current rate for 
21-25 cycles. It can be seen that relatively high discharge 
capacities of 240-261 mAh g7! were shown at the current den- 


Table 2 
Charge-—discharge data for Li[Lio.2Nio.2—x/2Mn0.6—-x/2Crx]O2 cathode materials at a constant current density of 20 mA g! between 2.5 and 4.8 V at room temperature 
Samples First cycle, Quischarge First cycle, Quischarge Loss (%) Fiftieth cycle, Capacity 
(mAh g~!) (mAh g`!) Qaischarge (mAh g~') retention (%) 
x=0 403 225 44 205 91 
x=0.02 319 232 27 218 93 
x=0.04 309 246 21 235 96 
x=0.06 350 256 27 218 85 
x=0.08 356 261 26 207 79 
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Fig. 4. The capacity retention of undoped and all Cr-doped cells during cycling 
at various rates in the voltage range of 2.5-4.8 V at room temperature. 


sity of 0.1 and 0.2C for x=0.06, 0.08. By applying higher 
current density of 0.8 and 1.5C, the discharge capacities 
were abruptly decreased, showing fast capacity fading dur- 
ing cycling. On the contrary, the samples with x=0.02 and 
0.04 showed higher capacity with improved cyclability at high 
discharge rate, though they exhibited lower capacity at the 
current rate of 0.1 and 0.2C. When the cells were cycled at 
a current density of 1.5C, Li[Lio.2Nio.2—x/2Mn0.6—x/2Crx]O2 
with x=0.04 cell still exhibited higher discharge capacity 
of 192mAhg™!. From this result, we speculated that 4% is 
the ideal amount of Cr doping for the high-rate capacity of 
Li[Lio.2Nio.2—x/2Mn0.6—x/2Crx]O2. Recently, Hideyuki Noguchi 
et al. reported that the a small amount of additional Cr in 
LiMno.5—xCr2xNio.5—xO2 can improve the cycling performance 
but have no positive effects on the rate capability of the sample, 
they believe the charge transference and lithium ion diffusion 
during the charge and discharge process are believed to be more 
factors for the rate capability of the cathode materials [30]. In our 
study, the cycling performance and rate capability of samples 
were improved by a small amount of Cr doping. The electro- 
chemical performance of the samples with higher Cr content 
showed higher discharge capacity and not as good cycling per- 
formance because of the structure, which was agreed well with 
the SEM results in Fig. 2. It can be concluded that the amount 
of doped chromium can exert significant influence on the struc- 
ture of these samples which could affect the electrochemical 
performance. More studies are being processed to investigate 
the effects of Cr content on the electrochemical performance of 
layered Li[Lio.2Nio.2Mno.6]O2 compound system deeply. 

Cyclic voltammetry is a well-suited and complementary 
technique to evaluate the cathodic performance and electrode 
kinetics of oxides [31,32]. In order to further understand the 
effects of Cr doping on the electrochemical properties of 
Li[Lio.2Nio.2—x/2Mn0.6—x/2Crx]O2, cyclic voltammetry was car- 
ried out with Li metal as the counter and reference electrode, in 
the range 2.54.8 V at room temperature, at a scan rate 1 mV s~!. 
The CV of the typical samples Li[Lio.2Nio.2—x/2Mn0.6—x/2Crx]O2 
(x=0, 0.04, 0.08) up to 30 cycles are shown in Fig. 5. 

As shown, for Li[Lio.2Nio.2—x/2Mnọo.6—x/2Crx]O2 with x=0 
and 0.04, there is an appearance of one anodic peak centered 
at about 4.3 V on charge process, and corresponding reduction 
peak is seen at 3.8 V on discharge. According to the previous 
assignments of the CV features [8,16], the anodic peak at about 
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Fig. 5. Cyclic voltammogram of the Li/Li[Lig.2 Nio,2—.72Mno,.6—x/2Crx]O2 (x =0, 
0.04, 0.08) cells in the 2.5-4.8 V range at the scan rate of 1 mVs~!. 


4.3 V and cathodic peak at 3.8 V are due to the oxidation of 
Ni? to Ni** and the subsequent reduction of Ni** in the solid 
phase. It is noted that there was a small reduction peak near 3.2 V 
when x=0.04, resulting from several reduction of Mn** into 
Mn** appeared in the samples. This observation indicates that 
Cr substitution induces some structural ordering or a reduction 
of stacking faults during the first Li de-intercalation [19,33]. 
For x=0.08, the intensity of this peak is greater than that of 
the peak at about 3.8 V. It is suggested that several structural 
phase transitions in the host lattice may happen by over much Cr 
doping, which may result in the deterioration of electrochemical 
performances. 
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Fig. 6. Impedance spectra of Li[Lio.2Nio.2—x/2Mno.6—x/2Crx]O2 (x=0, 0.04) 
cells at: (a) charged to 4.8 V and (b) discharged to 2.5 V after 50 cycles. 


As can be seen clearly from Fig. 5a, with cycling, the CV 
peaks became less sharp and the polarization (voltage differ- 
ence between the charge and discharge curves) increased with 
increasing cycle number. Moreover, the peaks current for the 
cycled electrode was lower than that for the fresh one, it means 
that the structural degradation of the electrode leads to a capacity 
fading. On the contrary, Fig. 5b illustrates well the reversibility 
of the material with x= 0.04 upon de-intercalation and interca- 
lation of lithium-ions over the potential range, the polarization 
effect is very small compared to the material with x= 0, and the 
negligible decrease in peak height with cycling is in agreement 
with the quite small loss in capacity shown by the cycling per- 
formance presented in Table 2. For x=0.08, the peak became 
broad and the area under the peak deceased after 30 cycles, 
this voltammogram clearly reveals a large capacity fading of 
electrode. 

For the Li[Lio.2Nio.2—x/2Mn0.6—x/2Crx]O2 (x=0, 0.04) elec- 
trodes, ac impedance was measured to explore the difference in 
cycling characteristics. Fig. 6a and b illustrates the impedance 
spectra at fully charged and discharged state, respectively, at the 
50th cycle. The impedance spectra consist of two semicircles in 
high and intermediate-frequency ranges and a line inclined at 
constant angle to the real axis in the low-frequency range. The 
two semicircles in the higher and intermediate frequency range 


might due to the contact resistance at the composite cathode 
and the charge transfer reaction at the interface of the cath- 
ode/electrolyte, and the inclined line in the lower frequency 
range is attributed to Warburg impedance that is associated with 
lithium ion diffusion through the cathode. As observed in Fig. 6b, 
the resistance of Li[Lio.2Nio.2—x/2Mn0.6—x/2Crx]O2 with x = 0.04 
is much smaller than that of the undoped electrode. The dif- 
ference of Roe between charge and discharge was about 3 Q 
for the Cr-doped electrode, whereas that of undoped one was 
13 Q. The great decrease of Ret between charge and discharge is 
considered to be the effect of Cr, resulting in the improvement 
of the electric conductivity. This agrees well with the result in 
Fig. 3. 


4. Conclusion 


Li[Lio.2Nio.2—x/2Mn0.6—x/2Crx]O2 (x=0, 0.02, 0.04, 0.06, 
0.08) materials have been synthesized using solid-state pyrol- 
ysis method. The effect of chromium doping on the structure 
and electrochemistry was investigated. By increasing Cr-doping 
amount in Li[Lio.2Nio.2—x/2Mnọ0.6—-x/2Crx]O2, the calculated lat- 
tice based on R-3m space group decreased, and the ratio of c/a 
increased monotonously. Furthermore, the gradual increase in 
the c/a ratio means that Cr doping resulted in much layer-like 
structure. These indicated that Ni and Mn were well replaced 
by Cr, and the solid solution was successfully formed. From the 
electrochemical charge—discharge and rate capability tests, the 
difference in various amount of doping chromium resulted in dif- 
ferent morphology (shape and particle size) and thereby different 
initial discharge capacity and the rate capability. Among those 
electrodes, simple with x = 0.08 shows the highest first discharge 
capacity of 261 mAh g~!, but it also represented an accelerated 
deterioration with cycling while the Cr-doped electrode with 
low Cr content showed excellent cycling behavior especially 
at higher current density. From ac impedance measurements, it 
was clearly found that Cr replacement brought about decrease in 
resistance during cycling. It is considered that the higher capac- 
ity and superior rate capability of Cr-doping sample, especially 
for the sample Li[Lio.2Nio.2—x/2Mn0.6—x/2Crx]O2 with x= 0.04, 
would be ascribed from the reduced resistance of the electrode 
during cycling. Therefore, Cr-doping was potentially attractive 
to electrochemical application since Cr-doped has advantages 
such as higher intercalation voltage, higher rate capability, and 
lower cost. However, the method also has some disadvantages 
such as repeatability of the whole examination is not as good 
as some other methods [34—37] because the raw materials can- 
not be blend thoroughly well-proportioned by using mortar and 
pestle. Further studies to optimize composition and processing 
conditions are necessary to achieve improved properties; such 
studies are being carried out for high-power and high energy 
applications. 
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